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ABSTRACT
In this paper, we describe a production procedure of
the one-to-one double helical complex of poly(dG)–
poly(dC), characterized by a well-defined length (up
to 10 kb) and narrow size distribution of molecules.
Direct evidence of strands slippage during
poly(dG)–poly(dC) synthesis by Klenow exo
  frag-
ment of polymerase I is obtained by fluorescence
resonance energy transfer (FRET). We show that the
polymer extension results in an increase in the sep-
arationdistancebetweenfluorescentdyesattachedto
50 ends of the strands in time and, as a result, losing
communication between the dyes via FRET. Analysis
of the products of the early steps of the synthesis by
high-performance liquid chromatography and mass
spectroscopy suggest that only one nucleotide is
added to each of the strand composing poly(dG)–
poly(dC)intheelementarystepofthepolymerextens-
ion.Weshowthatproperpairingofabaseatthe30 end
of the primer strand with a base in sequence of the
template strand is required for initiation of the synt-
hesis. If the 30 end nucleotide in either poly(dG) or
poly(dC) strand is substituted for A, the polymer
does not grow. Introduction of the T-nucleotide into
the complementary strand to permit pairing with A-
nucleotide results in the restoration of the synthesis.
The data reported here correspond with a slippage
model of replication, which includes the formation
of loops on the 30 ends of both strands composing
poly(dG)–poly(dC) and their migration over long-
molecular distances (mm) to 50 ends of the strands.
INTRODUCTION
It has long been known that short-chain deoxyribonucleotides,
which contain deﬁned repeating sequences, act as efﬁcient
template-primers for the DNA polymerase to provide high-
molecular weight double-stranded polymers containing the
same repeating nucleotide sequence embodied by the template
(1). A series of such polymers has been synthesized with DNA
polymerase I of Escherichia coli (2–7). High-molecular
weight deoxyribopolynucleotides, which contain repeating
base sequences, are of interest as model compounds for a
variety of chemical and biological studies. The polymers
have been well characterized and have been the subject of
considerable investigation using biochemical and biophysical
methods (8). Most of the deoxyribopolynucleotides were
shown to be rigid, double-stranded macromolecules made up
of two antiparallel strands held together by hydrogen bonding
between complimentary bases. In contrast to poly(dA)–
poly(dT) containing equal amounts of A and T bases (2),
poly(dG)–poly(dC) is a double-stranded polymer consisting
ofapairofpoly(dC)andpoly(dG)homopolymerchainschara-
cterized by unequal content of G and C nucleotides. The ratio
of G to C bases was found to vary from 35 to 80% of G
(3,9,10). Various approaches have been used to synthesize
the polymer (10). Commercial preparations used in 60th
and 70th were produced by unprimed (de novo) synthesis
catalyzed by E.coli DNA polymerase in the presence of
dGTP and dCTP, as described by Kornberg and co-workers
(3). The commercial preparation of dG–dC available at
present is manufactured by Amersham Biosciences Company
(Sweden) and can be purchased either directly from the comp-
any or via Sigma–Aldrich (USA).The commercial preparation
is synthesized using the Klenow fragment of DNA polymerase
I, dGTP, dCTP and poly(dI)–poly(dC)asthetemplate-primer.
Theexactprocedureofthepolymermanufacturinghasnotbeen
published, and the properties of the synthesis product had not
been characterized in detail. The product may contain some
single-stranded regions as indicated in the information sheet
supplied by the company.
We have been interested in the application of poly(dG)–
poly(dC)anditscomplexeswithmetalionsinnanoelectronics.
As it is regular, poly(dG)–poly(dC) provides the best condit-
ions for p overlap. In addition, guanines, which have the
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migration through the DNA. Recent experimental demonstra-
tion of the conducting behavior in short poly(dG)–poly(dC)
DNA oligomers (11,12) and the results of theoretical calcul-
ations showing that poly(dG)–poly(dC) exhibits better cond-
uctance than poly(dA)–poly(dT) (13), support an idea of
possible application of poly(dG)–poly(dC) in molecular elect-
ronic devices. However, commercial preparations of
poly(dG)–poly(dC) used by researchers in electrical con-
ductivity studies (14,15) have a number of disadvantages.
They are characterized by a broad size distribution of the
molecules and the presence of single-stranded fragments
alongtheDNA.Thepresenceofirregularfragmentsandstrand
breaks along poly(dG)–poly(dC) may strongly reduce the
ability of the wires to conduct a current. The above disadv-
antages of the commercial polymer stimulated us to develop a
reliable procedure for poly(dG)–poly(dC) production and to
study the kinetics and mechanism of its synthesis.
In the present work, we describe a procedure of synthesis of
uniform, long (up to 10 kb) double-stranded poly(dG)–
poly(dC) composed of G- and C-homopolymers having
equal lengths. Direct evidence of strands slippage during ext-
ension of template-primer by Klenow exo
  fragment of poly-
merase I from E.coli is obtained by ﬂuorescence resonance
energy transfer (FRET). Analysis of the products of the early
steps of the synthesis by high-performance liquid chromatogr-
aphy (HPLC) and mass spectroscopy suggest that only one
nucleotide is added to each of the strand composing poly(dG)–
poly(dC) in the elementary step of the polymer extension.
A model of poly(dG)–poly(dC) replication, which includes the
formation of hairpin loops on 30 ends of both strands comp-
osing the polymer and their migration over long-molecular
distances (mm) to 50 ends of the strands, is discussed.
MATERIALS AND METHODS
Materials
Unless otherwise stated, the reagents were obtained from
Sigma–Aldrich (USA) and were used without further puriﬁc-
ation. The 20-deoxyribonucleoside 50-triphosphates (dGTP and
dCTP) were purchased from Sigma–Aldrich (USA). Klenow
fragment exonuclease minus of DNA polymerase I, E.coli
lacking the 30!50 exonuclease activity (Klenow exo
 ) was
purchased from Fermentas (Lithuania).
DNA samples
The oligonucleotides were purchased from Alpha DNA
(Montreal, Canada). Fluorescein (Flu) and tetramethylrhod-
amine (TAMRA) labeled oligonucleotides were also from
Alpha DNA (Canada). The Flu and TAMRA were linked to
the terminal base at the 50 end of G-12mer (dG)12 and C-12mer
(dC)12 oligonucleotides, respectively, via a six-carbon
linker. The nomenclatures used for the above oligonucleotides
are as follows: Flu-(dG)12 and TAMRA-(dC)12. Poly(dC)-
oligonucleotides were puriﬁed using an ion-exchange Western
Analytical Products (USA) PolyWax LP column (4.6 ·
200 mm, 5 mm, 300 s) at pH 7.5. Poly(dG)-oligonucleotides
were puriﬁed using a ion-exchange HiTrap QHP column
(5 · 1 ml) from Amersham-Biosciences (Sweden) in
0.1 M KOH. The dye-labeled probes were puriﬁed by
HPLC using a Vydac (USA) reverse-phase C18 column
(4.6 · 250 mm). HPLC-puriﬁed oligonucleotides were des-
alted using pre-packed Sephadex G-25 DNA-Grade columns
(Amersham-Biosciences). Puriﬁed oligomers were incubated
with their complementary counterparts in 0.1 M KOH at
a molar ratio of 1:1 for 15 min and dialyzed against 20 mM
Tris–Acetate buffer, pH 7.0, for 4 h. All oligonucleotides
were quantiﬁed spectrophotometrically using their respect-
ive extinction coefﬁcients. Concentrations of G- and
C-homopolymers were calculated usingextinction coefﬁcients
at 260 nm of 11.7 and 7.5 mM
 1 cm
 1 for G and C bases.
CD spectra of poly(dG)–poly(dC) were measured on Aviv
Model 202 series (Aviv Instrument Inc., USA) Circular
Dichroism Spectrometer. Each spectrum was recorded from
220 to 340 nm and was an average of ﬁve measurements.
DNA polymerase assays
A standard reaction contained 60 mM KPi, pH 7.4, 5 mM
MgCl2, 5 mM DTT, and 1.5 mM each of dCTP and dGTP,
the Klenow exo
  and the template-primer. The concentration
andthenatureoftemplate-primerandconcentrationofKlenow
exo
  are noted in the ﬁgure legends. The reaction was started
by the addition of the enzyme. The incubation was at room
temperature (25 C) or at 37 C for the times indicated in the
ﬁgure legends. The reaction was terminated by the addition of
EDTA to a ﬁnal concentration of 10 mM. Reaction products
were analyzed by size exclusion and ion-exchange HPLC,
as well as by electrophoresis on an agarose gel.
HPLC separation of the polymerase products
Poly(dG)–Poly(dC) were separated from nucleotides, temp-
late-primer and other reaction components of the synthesis
using size-exclusion HPLC. The separation was achieved
with a TSK-gel G-DNA-PW HPLC column (7.8 · 300 mm)
from TosoHaas (Japan) by isocratic elution with 20 mM
Tris–Acetate, pH 7.0, for 30 min at a ﬂow rate of 0.5 ml/min.
Size-dependent separation of the strands composing
poly(dG)–poly(dC) was performed using the same column
by isocratic elution with 0.1 M KOH at a ﬂow rate of
0.5ml/min.Theinjectionvolumeswere50–200ml.Allexperim-
ents were conducted on an Agilent 1100 HPLC system with a
photodiode array detector. Peaks were identiﬁed from their
retention times obtained from the absorbance at 260 nm. Data
were collected from PDA and analyzed by Microsoft Excel.
Separation of 10–18 bp long G- and C-homopolymers
originating from the early polymerase synthesis was per-
formed using ion-exchange TSKgel DNA-NPR column
(4.6 · 75 mm) from Tosoh Biosciences (Japan) at a high-
pH. The oligonucleotides were eluted with a linear gradient of
KCl from 0 to 1 M in 0.1 M KOH at a ﬂow rate of 0.6 ml/min.
Ion-exchange HPLC was also used as a method to determine
the concentrations ofdGTP anddCTP nucleotidesin the assay.
HPLC separation of the dNTPs was performed with an ion-
exchange PolyWax LP HPLC column (4.6 · 200 mm, 5 mm,
300s)fromWesternAnalytical(USA),usingalineargradient
of 20–500 mM potassium phosphate buffer, pH 7.4.
Gel electrophoresis
The products of polymerase synthesis and commercial prepar-
ations of poly(dG)–poly(dC) were loaded onto 1% agarose gel
526 Nucleic Acids Research, 2005, Vol. 33, No. 2and then electrophoresed at room temperature at 130 V for 1 h.
TAE buffer, in addition to being used to prepare the agarose,
also served as the running buffer. The dimensions of the
agarose gel were 10 · 10 cm with 2 · 4 mm 14-wells.
The gel was stained with ethidium bromide (5 mg/ml) and
visualized with a Bio Imaging System 202D (302 nm).
FRET measurements
Extension of ﬂuorescently labeled oligonucleotides were
performed in 100 mM Tris–Acetate, pH 8.0, 3 mM MgCl2,
5 mM DTT, and 1 mM each of dCTP and dGTP, 0.8 mg/ml
ofKlenowexo
 and5mMFlu-(dG)12–TAMRA-(dC)12duplex.
The steady-state ﬂuorescence measurements were done with
Model LS50B Perkin-Elmer (UK) Luminescence Spectro-
meter. Excitation was at 490 nm with emission at 520 nm.
The slits for excitation and emission monochromators were
both set at 2.5 nm.
Absorption spectra of the synthesized products were
recorded with U2000 Hitachi (Japan) spectrophotometer. The
contents of Flu, TAMRA and G–C base pairs were estimated
using the following extinction coefﬁcients: e
Flu(494 nm) =
77000 M 1 cm
 1, eTAMRA(558 nm) = 90000 M
 1 cm
 1
(16), e
GC (260 nm) = 14800 M
 1 cm
 1 (4). The contributions
of the dyes to absorption at 260 nm were calculated based on
their concentrations and their extinction coefﬁcients,
e
Flu = 20900 M
 1 cm
 1 and e
TAMRA = 31900 M
 1
cm
 1at 260 nm. The contribution of the dye at 260 nm was
subtracted and the concentration of G–C pairs in each sample
of synthesized poly(dG)–poly(dC) was then determined.
Mass spectrometer conditions
Mass spectrometric measurements of oligonucleotides were
carried out on a Finnigan LCQ Classic ion trap instrument
(ThermoFinnigan, San Jose, CA) equipped with its standard
heated capillary electrospray source. The source was
operated in the negative ion mode, with a heated capillary
temperature normally set at 150 C and needle voltage at
 3 kV (17). Mass spectra were recorded in a row scan
mode in the mass range from m/z of 500 to 2000. All mass
spectra were obtained by signal averaging for 1 min at a scan
rate of 3 microscans/scan. Solutions of oligonucleotides were
admitted by direct infusion with a 100 ml Hamilton gas-tight
syringe (Holliston, MA) at a ﬂow rate of 3 ml/min. Typical
1 mM solution of oligonucleotide was injected into 25 mM
triethylamine (TEA), 25 mM hexaﬂuoroisopropanol (HFIP)
and 50% acetonitrile.
RESULTS
Synthesis and characterization of poly(dG)–poly(dC)
Electrophoresis analysis of poly(dG)–poly(dC) preparations
purchased from Sigma and synthesized here by Klenow
exo
 , in a non-denaturing agarose gel (described in Materials
and Methods), is shown in Figure 1. As seen in Figure 1, the
commercial preparation does not enter the gel (lane 2). This
might be due to the aggregation of the DNA molecules.
Heating the preparation for 30 min at 70 C did not result in
the dissociation of the aggregates. A small fraction of the
molecules that enters the gel after the heat treatment is
characterized by a broad distribution of molecular sizes and
shows a smeared band pattern (Figure 1, lane 3). In contrast to
the commercial polymer, poly(dG)–poly(dC) synthesized here
had no problem entering the gel and was characterized by a
narrow distribution of molecular sizes (Figure 1, lane 4). We
performed an analysis of strands, which compose the comm-
ercial and synthesized polymers by size exclusion HPLC, at
high-pH. At pH > 12.5, the poly(dG) and the poly(dC) strands
are beingseparated. As seen in Figure 2(solid line), poly(dG)–
poly(dC) synthesized here (see Materials and Methods) is also
eluted as a single peak from the column at high-pH, thus
proving that G- and C-strands, which compose the polymer,
are equal in size. Elution proﬁle of the commercial polymer is
different from the synthesized one and is presented by two
overlapped peaks (see Figure 2, dashed line). Absorption
spectroscopy analysis of the eluted fraction showed that the
earlier peak eluted between 13 and 16.5 min is characterized
by a spectrum of C-homopolymer, while the peak eluted be-
tween 17 and 22 min has a spectrum of G-homopolymer (see
insets in Figure 2). Different retention times of C- and G-
strands are indicative of the different lengths of the strands
composing the commercial polymer. C-strand of the comm-
ercial polymer iseluted fromthe column inavolume similarto
that of the 7 kb poly(dG)–poly(dC) (see Figure 2). The G-
strand is eluted in a volume corresponding to that of 1.5 kb
DNA (data not shown). The above analysis clearly shows that
the G-strand composed of poly(dG)–poly(dC) obtained from
Sigma is about ﬁve times shorter than the corresponding
C-strand. Thus, the commercial preparation can hardly be
Figure 1. Mobility of poly(dG)–poly(dC) molecules in 1% agarose gel.
Electrophoresis of the molecules: molecular weightsof 1 kb DNA-ladder (lane
1) are indicated by left-hand side narrows; poly(dG)–poly(dC) from Sigma, lot
103K10561(lane2);poly(dG)–poly(dC)fromSigmatreatedfor30minat70 C
(lane3);poly(dG)–poly(dC)synthesizedasdescribedinMaterialsandMethods
usingHPLC-purified0.2mM(dG)10–(dC)10astemplate-primerand40mg/mlof
Klenow exo
  (lane 4); poly(dG)–poly(dC) synthesized as described in Materi-
alsandMethodsusing0.2mM(dG)10–(dC)10notspeciallypurifiedbyHPLCas
template-primer and 40 mg/ml of Klenow exo
  (lane 5). The electrophoresis
wasconductedfor1hat130V.TheamountofDNAloadedperlanewas 20ng
and the gel was ethidium bromide stained.
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prising of two consecutive G- and C-homopolymer strands.
We describe below a procedure of production of a long
(up to 10 kb) uniform poly(dG)–poly(dC) composed of the
one-to-one double helical complex of polydeoxyguanylate
and polydeoxycytidylate. Poly(dG)–poly(dC) was synthesized
here by Klenow exo
  fragment of DNA polymerase I in the
presence of dGTP, dCTP and (dG)10–(dC)10 oligonucleotides.
We have shown that, if primed by non-puriﬁed (dG)10–(dC)10,
thesynthesisyieldedpolymermoleculeswithlargelengthvaria-
bility (Figure 1, lane 5). The (dG)10–(dC)10 prepared from
HPLC puriﬁed (dG)10 and (dC)10, as described in Materials
and Methods, primes synthesis of uniform poly(dG)–
poly(dC) (see Figure 1, lane 4).
We have shown that (dG)30–(dC)30 can also efﬁciently
prime synthesis of long poly(dG)–poly(dC), supporting the
earlier observation of Rao and co-workers (18). However,
this synthesis never yielded uniform poly(dG)–poly(dC), reg-
ardless of whether the oligonucleotides composing the temp-
late-primerwere puriﬁedbyHPLCornot.Thismight bedueto
the formation of kinetically stable structures with
overhangs when 30 base (or longer) poly(dG) and poly(dC)
oligonucleotides are used to form a double-stranded template-
primer. We have shown that, when primed by overhangs
containing, (dG)12–(dC)15 and (dG)15–(dC)12 duplexes, the
synthesis yielded various lengths of poly(dG)–poly(dC)
(data not shown), thus supporting the above suggestion.
Overhangs containing temporary structures, even if formed
while annealing of (dG)10 and (dC)10, are spontaneously
and rapidly rearranged (at 37 C) into more stable, completely
annealed (dG)10–(dC)10 duplexes that prime synthesis of unif-
orm poly(dG)–poly(dC).
Kinetics of poly(dG)–poly(dC) synthesis primed by HPLC
puriﬁed (dG)10–(dC)10 is depicted in Figure 3. The molecules
grew continuously until the dGTP and dCTP were exhausted.
Analysis of the data reveals a linear dependence of the poly-
mer length on the time of the synthesis (see Figure 3B). Thus,
the rate of polymer growth is independent of the length of
the fragments being synthesized. The reaction product can be
puriﬁed and used as a template-primer for a further synthesis.
We have observed that hundreds of base pairs of poly(dG)–
poly(dC) started to grow again, leading to thousands of base
pair long uniform molecules (data not shown).
A ratio of G to C nucleotides in poly(dG)–poly(dC) prepar-
ations reported in the literature was strongly dependent on the
synthesis conditions (10). For conclusion of the content of dG
and dC bases in poly(dG)–poly(dC), we estimated the amount
of the nucleotides consumed during the synthesis of the
polymer. The reaction was conducted as described in Figure
3 for 150 min and was arrested by adding EDTA to the assay
mixture. The products of the synthesis were separated from
dGTP and dCTP by size-exclusion HPLC (see Figure 4A). As
shown in the ﬁgure, incubation of Klenow exo
  with dGTP,
dCTP and (dG)10–(dC)10 results in the appearance of a peak
Figure 2. Size-dependent HPLC of poly(dG)–poly(dC) at high-pH. Poly(dG)–
poly(dC) synthesized with Klenow exo
  as described in Figure 1 (solid curve)
and poly(dG)–poly(dC) from Sigma(dashed curve) were pretreated for 15 min
atroomtemperaturein0.1MKOH.Atotalof100mlofeachDNAsamplewere
applied onto TSKgel G-DNA-PW column (7.8 · 300 mm) and eluted at room
temperature with 0.1 M KOH at a flow rate of 0.5 ml/min. The length of the
synthesized poly(dG)–poly(dC) estimated by gel electrophoresis as shown in
Figure 1 is equal to 7 kb. Elution was followed at 260 nm. Insets present
normalized absorbance spectra obtained using diode-array detection of
fractions eluted at the time points indicated by the arrows.
Figure 3. Time course of poly(dG)–poly(dC) synthesis reaction. Polymerase extension assay was performed as described in Materials and Methods with 0.2 mM
(dG)10–(dC)10 and 20 mg/ml of Klenow exo
 ; the incubation was at 37 C. Aliquots were withdrawn each 15 min for 2 h 15 min. (A) The reaction products were
resolvedon1%agarosegelandstainedwithethidiumbromideunderconditionsdescribedinMaterialsandMethods.Themarkerbandsof1kbDNAladder(lane1)
areindicatedtotheleft.Time-dependentproductsfor15,30,45,60,75,90,105,120and135minofthesynthesis(lanes2–10).(B)Dependenceofthepolymerlength
(in kb) estimated from (A) on the time of synthesis.
528 Nucleic Acids Research, 2005, Vol. 33, No. 2eluted before total column volume. This peak corresponds
with a high-molecular weight poly(dG)–poly(dC) product of
the synthesis. Its position shifts left and its height grows (see
Figure 4A) as the synthesis progresses. The peak eluted from
the column in total volume comprises a mixture of dGTP and
dCTP. A height of the latter peak decreases along with the
increase of the poly(dG)–poly(dC) peak (see Figure 4A),
which corresponds with incorporation of the nucleotides
into the polymer. The peak eluted with total volume was col-
lected and the amounts of dGTP and dCTP in the peak were
estimated. The dGTP and dCTP were separated one from
another by ion-exchange HPLC as shown in Figure 4B. The
ﬁrst peak eluted from the ion-exchange column corresponds to
dCTP and the second one to dGTP. Both peaks were collected
separately and the quantities of the nucleotides were estimated
by spectrophotometer; 7.5 · 10
3 and 11.7 · 10
3 M
 1 cm
 1
extinctions coefﬁcient at 260 nm were used for dCTP and
dGTP, respectively. The results of this analysis are summa-
rized in Table 1. As evident from Table 1, equal amounts of
dCTP and dGTP have been consumed from the assay during
the synthesis of the polymer. Thus, the data presented in
Figures 2 and 4 suggest that the procedure described herein
results in the formation of one-to-one double helical complex
of polydeoxyguanylate and polydeoxycytidylate.
Additional evidences for the double-stranded nature of
synthesized poly(dG)–poly(dC) are derived from the digestion
experiments of the polymer with Deoxyribonuclease I
(DNase) and from the CD spectroscopy. We have shown
that DNase efﬁciently digests poly(dG)–poly(dC) to short
oligonucleotides. The enzyme is speciﬁc with respect to dou-
ble-stranded DNA; thus, digestion by the enzyme is reﬂective
ofthe double-stranded nature ofthe polymer. Themajor chara-
cteristics of CD spectrum of poly(dG)–poly(dC), namely, a
positive band at 235 nm, a crossover at 244, and negative band
at 235 nm, are similar to those reported for double-stranded
poly(dG)–poly(dC) earlier (10).
Poly(dG)–poly(dC), ifexposedtohigh-pH for5–10 min and
subsequently neutralized, undergoes irreversible rearrangem-
ent into a mixture of C- and G-containing polymers. The
alkali-treated polymer behaves differently on size-exclusion
HPLC, electrophoresis, is inert with respect to DNase and is
characterized by different optical and CD spectra compared to
a non-treated polymer. Irreversible changes in poly(dG)–
poly(dC) at high-pH are mainly due to the fact that both G-
and C-strands that compose the polymer have a tendency to
form stable intramolecular and intermolecular homopolymer
structures namely, double-stranded poly(dC):(dC+) (10,19,20)
and poly(dG) quadruplexes (21,22).
FRET studies of poly(dG)–poly(dC) extension
The effect of modiﬁcations on the ability of (dG)12–(dC)12 to
prime the synthesis of poly(dG)–poly(dC) is summarized in
Table 2. The data presented in the Table show that either
covalent modiﬁcation of one of 30 ends of (dG)12–(dC)12 or
substitution of C or (and) G at the 30 end(s) of the oligonuc-
leotide with A-nucleotide, results in the complete loss of the
ability of the oligonucleotide to prime the synthesis. In cont-
rast, covalent modiﬁcation of the 50 ends or replacement of
either C or G bases at the 50 ends with A-nucleotide, have no
effect on the capacity of the oligonucleotide to prime the
Figure 4. HPLC analysis of nucleotides incorporation into poly(dG)–poly(dC). (A) Size-dependent HPLC separation of the products of polymerase synthesis.
PolymeraseextensionassaywasperformedasdescribedinMaterialsandMethodswith0.2mM(dG)10–(dC)10and20mg/mlofKlenowexo
 at37 C.Polymerization
reactionwasstartedbyadditionoftheenzyme.Aliquotsof50mlwerewithdrawnfromtheassaymixturebefore(blackcurve)and30(redcurve),60(greencurve)and
120(bluecurve)minaftertheadditionoftheenzymeandloadedonTSKgelG-DNA-PWcolumn(7.8·300mm).Elutionwasperformedwith20mMTris–Acetate
buffer,pH7.0,ataflowrateof0.5ml/min.(B)Anion-exchangeHPLCseparationofnucleotides.Nucleotidepeaksfromcorrespondingsize-exclusionseparation(A)
were collectedand loadedon an anion-exchangePolyWaxLPcolumn(4.6 · 200 mm). Elutionwas performedusing a 30 min linear K-Pi,pH 7.4, gradientbetween
0.02 and 0.5 M in the presence of 10% acetonitrile at a flow rate of 0.8 ml/min. Elution was followed at 260 nm.
Table 1. Incorporation of deoxyribonucleosine triphosphates into poly(dG)–
poly(dC)
Time of synthesis (min) dGTP (nmol) dCTP (nmol)
0 18.3 18.4
30 15.8 16.1
60 10.5 11.0
120 8.6 8.5
150 6.3 6.4
ThevalueswereestimatedasshowninFigure4.Allvaluesareaveragesoffive
measurements.
Nucleic Acids Research, 2005, Vol. 33, No. 2 529synthesis. The latter enabled us to study the dynamics of the
polymerase synthesis by FRET using (dG)12–(dC)12 labeled at
the 50 ends with different ﬂuorescent dyes. FRET is an imp-
ortant technique for investigating a variety of biological phen-
omena that produce changes in molecular proximity. The
approach proved to be very useful for studies of DNA and
RNA structures and the interaction of nucleic acids with prot-
eins (23,24). In FRET, a donor ﬂuorophore is excited by inc-
ident light, and if an acceptor is in close proximity, the excited
state energy from the donor is transferred by means of inter-
molecular long-range dipole–dipole coupling (25). The efﬁ-
ciency of FRET is dependent on the inverse sixth power of the
intermolecular separation of the donor. Thus, FRET provides a
sensitive measure of small changes in intermolecular dist-
ances. Flu energy donor and TAMRA energy acceptor moie-
ties meet spectroscopic criteria, important in a study of energy
transfer (26). The above dyes were employed in this work to
monitor dynamics of the primer-template extension by the
polymerase. The (dC)12 and (dG)12 oligonucleotides labeled
at the 50 ends with TAMRA and Flu, respectively, were used in
the FRET experiments. The oligonucleotides were puriﬁed by
HPLC and annealed as described in Materials and Methods.
Emission of Flu in the (dG)12–(dC)12 oligonucleotide labeled
at the opposite 50 ends with Flu and TAMRA is strongly
quenched compared to that of the Flu-(dG)12. We have
shown that quenching is independent of concentration of
the (dG)12–(dC)12 oligonucleotide, thus supporting the intra-
molecular mechanism of excitation energy transfer
from Flu to TAMRA. Addition of Klenow exo
  to the
assay mixture containing Flu-(dG)12–(dC)12-TAMRA, dGTP
and dCTP caused the increase of Flu emission in time (see
Figure 5A). Aliquots were withdrawn from the assay at a
different time and the products of the synthesis were analyzed
byabsorptionspectroscopy. Spectra ofthe oligonucleotideand
products of 5, 10, 20, 30, and 40 min synthesis are shown in
Figure 5B. Peaks at 565, 496 and 260 nm (see Figure 5B) are
attributed to TAMRA, Flu and DNA, respectively. The peak at
260 nm is mainly due to the absorption of the oligonucleotide,
whereas contribution of both the dyes to the absorption at
260 nm is minimal. Using extinction coefﬁcient of
14.8 · 10
3 M
 1 cm
 1 for a G–C base pair at 260 nm, we
calculated an average number of base pairs in the products of
Table 2. Priming of poly(dG)–poly(dC) synthesis with various double-stranded synthetic DNA sequences
Oligonucleotide Priming of
poly(dG)–poly(dC)
synthesis
50-GGGGGGGGGGGGA-30–50-CCCCCCCCCCCCA-30 No
50-AGGGGGGGGGGGG-30–50ACCCCCCCCCCCC-30 Yes
50-GGGGGGGGGGGGA-30–50-CCCCCCCCCCCCC-30 No
50-GGGGGGGGGGGGG-30–50-ACCCCCCCCCCCC-30 Yes
50-GGGGGGGGGGGGG-30–50-CCCCCCCCCCCCA-30 No
50-AGGGGGGGGGGGG-30–50-CCCCCCCCCCCCC-30 Yes
50-Flu-GGGGGGGGGGGG-30–50-TAMRACCCCCCCCCCCCC-30 Yes
50-NH2-GGGGGGGGGGGG-30–50-NH2-CCCCCCCCCCCCC-30 Yes
50-GGGGGGGGGGGG-NH2-30–50-CCCCCCCCCCCCC-NH2-30 No
50-SH-GGGGGGGGGGGG-30–50-SH-CCCCCCCCCCCCC-30 Yes
Reactions were performed as described in Materials and Methods with 5 mM of template-primers and 10 mg/ml of Klenow exo
 . The products of synthesis were
analyzed by electrophoresis as in Figure 3.
Figure 5. FRET inFlu-(dG)12–(dC)12-TAMRAduringextension byKlenowexo
 .(A) TimecourseofFluemission.Polymeraseextension assaywasperformedas
described in Materials and Methods with 5 mM Flu-(dG)12–(dC)12-TAMRA and 0.8 mg/ml of Klenow exo
 . The assay mixture containing Flu-(dG)12–(dC)12-
TAMRAand nucleotideswas transferredinto a fluorimetric cuvette.Fluorescenceemission at 520 nmwasrecordedin time as describedin Materialsand Methods;
excitationwasat490nm.AsignificantamountofenergytransferisdetectedasalargedecreaseinthecontributionoftheFludonorandanincreaseinthecontribution
ofthe TAMRAacceptor.Theextensionreactionwasstartedby additionofthe enzymeand fluorescence wasrecordedin time. (B) Aliquotsof0.5 mlofsamplewas
withdrawnfromtheincubationbefore(curve1)and5(curve2),10(curve3),20(curve4),30(curve5),and40(curve6)minafteradditionoftheenzymetotheassay.
ThesampleswerepassedthroughSephadexG-25DNA-Gradecolumn(1·5cm)in20mMTris–Acetatebuffer,pH8.0,toseparatehigh-molecularweightproducts
ofthesynthesisfromnucleotides;absorptionspectraofthesynthesizedpolymerelutedinthecolumn’svoidvolumewererecorded.(C)TheamountofG–Cbasepairs
indouble-labeledproductofthesynthesiswereestimatedfromanalysisofthespectrapresentedin(B)asdescribedinMaterialsandMethod,andplottedasafunction
of time of synthesis.
530 Nucleic Acids Research, 2005, Vol. 33, No. 2the synthesis. The dependence of the calculated length of
poly(dG)–poly(dC) on the time of synthesis is shown in Figure
5C. Fluorescence emission spectra of the products of Flu-
(dG)12–(dC)12-TAMRA extension are presented in Figure 6,
together with a schematic presentation of the structures of the
double-labeled products of the extension. As shown in the
ﬁgure, energy transfer between the dyes attached at both
sides of the template-primer is apparent as a decrease in the
contribution of the Flu donor and an increase in the relative
contribution of the TAMRA acceptor. The extension results in
an increase in the separation distance between the 50 ends of
the strands and in loss of the ability of Flu and TAMRA to
communicate via FRET. When the length of the extended
polymer reaches  30 bp (see Figures 5 and 6), no commun-
ication of the dyes is seen and Flu emission reaches a maxim-
um. The latter is in good agreement with the FRET theory,
saying that no energy transfer can be observed at distances
>100 s (25). The data of FRET analysis presented in Figures 5
and 6 clearly show that the 50 ends are moving in
opposite directions during extension of the template-primer
by Klenow exo
 .
The early synthesis products of (dG)10–(dC)10
extension
To investigate the mechanism of synthesis in more detail, we
have analyzed theearlysynthesisproductsbyacombinationof
HPLC and mass spectroscopy as described in Materials and
Methods. The synthesis was conducted for5min at37 Cinthe
presence of small amounts of Klenow exo
 , dGTP, dCTP and
(dG)10–(dC)10. Products of the synthesis were separated from
the nucleotides and passed through the ion-exchange HPLC
column at a high-pH as described in Figure 7. Anion-exchange
HPLC at high-pH enables the separation of G- and C-strands
composing the template-primer. G-bases undergo complete
deprotonation at a pH > 12 and an additional negative charge
is introduced to each base of G-strand. Higher negative charge
of G-strand compared to the corresponding C-strand results in
a tighter binding of the G-strand to a positively charged matrix
of the column, and as a result, in its elution from the column
Figure 6. Fluorescence emission spectra of the products of Flu-(dC)12–(dG)12-TAMRA extension. Polymerase extension assay was performed as described in
Figure 5. The spectra were recorded before (curve 1), and 10 (curve 2) and 25 (curve 3) min after initiation of the synthesis. Excitation was at 490 nm. Schematic
presentationofcorrespondingdouble-strandedproductsofthesynthesis,areindicatedtotheright;FdenotesforFlu,TforTAMRA.Asignificantamountofenergy
transferinFlu-(dC)12–(dG)12-TAMRAisapparentasadecreaseinthecontributionoftheFludonorandanincreaseinthecontributionoftheTAMRAacceptor.The
latter is seen as an increased relative emission around 580 nm in spectra of Flu-(dC)12–(dG)12-TAMRA. Extension of Flu-(dC)12–(dG)12-TAMRA results in an
increase of molecular distance between the dyes and, as a result, in increase of Flu emission. When the length of extended polymer reaches  20 bp (see Figure 5),
a reduced amount of energy transfer is apparent (spectrum 2). Flu emission reaches maximum, when the length of extended polymer is equal to  30 bp ( 10 nm);
no contribution of TAMRA emission is then seen.
Figure 7. HPLC analysis of products of early phase of poly(dG)–poly(dC)
synthesis.PolymeraseextensionassaywasperformedasdescribedinMaterials
andMethods,with15mM(dG)10–(dC) 10and2mg/mlofKlenowexo
 at37 C.
The reaction was started by addition of the enzyme and was terminated by
addition of 10 mM EDTA. Aliquots of 50 ml were withdrawn from the assay
mixture before (continuous curve) and 5 min (dashed curve) after the reaction
had been started. Oligonucleotides were separated from dGTP and dCTP with
TSKgel G-3000 SWXL HPLC column (7.8 · 300 mm) and loaded in 0.1 M
KOH onto TSKgel DNA-NPR column (4.6 · 75 mm) equilibrated with 0.1 M
KOH.Elutionwasperformedusinga30minlinearKClgradientbetween0and
1Min0.1MKOHataflowrateof0.6ml/min.ElutionofcorrespondentC-and
G-strands are indicated in the figure.
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exchange HPLC of (dG)10–(dC)10 (continuous curve) and pro-
ducts of 5 min synthesis (dashed curve). Molecular masses of
oligonucleotides composing the template-primer and eluted in
the ﬁrst and second peaks (solid curve) have been estimated by
mass spectroscopy (see Materials and Methods) to be equal to
2868 and 3228 D. The estimated masses correspond well with
(dC)10 and (dG)10. Incubation of (dG)10–(dC)10 with Klenow
exo
 , dGTP and dCTP for 5 min results in the appearance
of two new peaks on the chromatogram to the right of (dC)10
and (dG)10 ones (Figure 7, dashed curve). Molecular masses of
oligonucleotides eluted in the new peaks are equal to 3117 and
3558 D, which correspond with masses of (dC)11 and (dG)11.
These data demonstrate that an elementary step of (dG)10–
(dC)10 extension includes the addition of one base to each
of the strands composing the oligonucleotide. As shown in
Figure 7 (dashed curve), incubation for 5 min of 15 mM
(dG)10–(dC)10 with 2 mM Klenow exo
  at 37 C results in the
conversion of  45% of the oligonucleotide to the product.
Based on these data, a turnover number of 60 min-1 for
Klenow exo
  in the reaction of (dG)10–(dC)10 was calculated
(see Table 3).
Replication of 50-CCCCCCCCCCCCA-30–50-
GGGGTGGGGGGGA-30 and similar oligonucleotides
Wehaveshown(seeTable2)thatthereplacementofCorG,even
atoneofthe30 endsof(dG)12–(dC)12withA-nucleotide,results
inthecompletelossoftheabilityoftheoligonucleotidetoprime
the synthesis. A reason for that might be the inability of the
enzyme to properly pair the A-nucleotide at the 30 end if no
T-nucleotidesarepresentinthesequenceofthecomplimentary
strand. Indeed, when T-nucleotide was introduced into a seq-
uence of the strand, replication was restored. Expansion of the
double-stranded 50-CCCCCCCCCCCCA-30–50-GGGGTGG-
GGGGGA-30 by Klenow exo
  is demonstrated in Figure 8.
Strands composing the oligonucleotide were puriﬁed to homo-
geneity by HPLC, and annealed as described in Materials and
Methods. As seen in the Figure, the incubation of 50-CCCC-
CCCCCCCCA-30–50-GGGGTGGGGGGGA-30 with Klenow
exo
 , dGTP and dCTP results in the extension of 50-CCCC-
CCCCCCCCA-30-strand. This is seen as a shift of the
peak corresponding to 50-CCCCCCCCCCCCA-30 on the
chromatogram(seeFigure8,redandbluecurves).Theposition
ofthesecondpeak,correspondingto50-GGGGTGGGGGGGA-
30, remains unchanged. Molecular mass of the oligonucleotide
eluted in the shifted peak has been estimated by mass spect-
roscopy(seeMaterialsandMethods)tobeequalto4876D.This
mass corresponds with 50-CCCCCCCCCCCCA-30, to which
4 more C-bases have been added. No intermediate products
derived from extension of 50-CCCCCCCCCCCCA-30 by 1, 2
or 3 nt were detected. This suggests that the rate-limiting step
of the reaction is associated with template formation by the
enzyme,ratherthantheadditionofnucleotidestotheprimer.As
seeninFigure8(redcurve),10minincubationof5mMoligonuc-
leotidewith10mg/mlKlenowexo
 at37 Cresultsintheconv-
ersion of 56%oftheoligonucleotidetotheproduct.Basedon
thesedata,aturnovernumberof5.6min
 1wascalculatedforthe
enzyme in reaction to the oligonucleotide extension. Experim-
ents similar to those described above, were performed on
50-GGTGGGGGGGGGA-30,5 0-GGGTGGGGGGGGA-30,
and on 50-GGGGGTGGGGGGA-30 annealed with 50-CCC-
CCCCCCCCCA-30. Products of all the above template-primer
extensions were analyzed by HPLC and mass spectrometry as
Table 3. Extension rates for the different template-primer sequences by Klenow exo
 
Template-primer Product of extension TN
(min
 1)
50-GGGGGGGGGG30–50CCCCCCCCCC-30 50-GGGGGGGGGGG-30–50-CCCCCCCCCCC-30 60
50-GGTGGGGGGGGGA-30–50-CCCCCCCCCCCCA-30 50-GGTGGGGGGGGGA-30–50-CCCCCCCCCCCCACC-30 50
50-GGGTGGGGGGGGA-30–50-CCCCCCCCCCCCA-30 50-GGGTGGGGGGGGA-30–50-CCCCCCCCCCCCACCC-30 20
50-GGGGTGGGGGGGA-30–50-CCCCCCCCCCCCA-30 50-GGGGTGGGGGGGA-30–50-CCCCCCCCCCCCACCCC-30 5.6
50-GGGGGTGGGGGGA-30–50-CCCCCCCCCCCCA-30 50-GGGGGTGGGGGGA-30–50-CCCCCCCCCCCCACCCCC-30 0.3
The reactions were performed and the rates were determined as described in the legend to Figure 8. The rates are expressed in a number of the enzyme’s turnovers
per minute.
Figure 8. HPLC analysis of products of 50-CCCCCCCCCCCCA-30–
50-GGGGTGGGGGGGA-30 extension. Polymerase extension assay was
performed as described in Materials and Methods with 5 mM5 0-
CCCCCCCCCCCCA-30–50-GGGGTGGGGGGGA-30 and 10 mg/ml of
Klenow exo
  at 37 C. The reaction was started by addition of the enzyme
and terminated by addition of 10 mM EDTA. Aliquots of 50 ml of sample were
withdrawn from the assay mixturebefore (black curve)and 10 (red curve),and
20 (blue curve) min after the reaction had been started. Oligomers were sepa-
rated from dGTP and dCTP with TSKgel G-3000 SWXL HPLC column
(7.8 · 300 mm) and loaded in 0.1 M KOH onto TSKgel DNA-NPR column
(4.6 · 75 mm). Elution was performed using a 20 min linear gradient between
0 and 1 M KCl in 0.1 M KOH at a flow rate of 0.6 ml/min.
532 Nucleic Acids Research, 2005, Vol. 33, No. 2describedinFigure8.Dataoftheanalysis(seeTable3)showthat
theamountofbasesaddedtotheprimerisequaltotheamountof
G bases separating T from the 50 end in the template strand.
Turnover of the enzyme in the reaction of strand extension
drops with a number of G nucleotides separating T from the
50 end. This proves that an overall rate of extension
is controlled by the rate of template-primer formation, and
dependsonanumberofbasepairsperturbedduringthetemplate
formation.Thedependenceisneitherlinearnorexponential;the
turnovernumberisreducedsmoothlywithanincreasingnumber
ofbasesintherange from1to3;furtherincreaseinthe number
results in sharp reduction of the extension rate (see Table 3).
DISCUSSION
Poly(dG)–poly(dC), being a regular polymer with high G-base
content, provides good conditions for charge migration, maki-
ng the polymer a promising candidate for use in nanoelect-
ronics. However, we have shown that the commercial
preparations of poly(dG)–poly(dC) have a number of dis-
advantages that should be taken into account by researchers
using the preparation in their work. The molecules composing
the preparation have a tendency to form high-molecular
weight aggregates, which do not enter agarose gels, and
behave as a high-molecular weight species on size-exclusion
columns. These structures are stable and do not dissociate
while heating the preparation for 30 min at 70 C. A small
fraction of the molecules, which enters the gel after the heati-
ng, shows a broad distribution of the molecule lengths (see
Figure 1). We have shown (see Figure 2) that the average
length of the C-homopolymers composing the preparation is
about ﬁve times longer than that of the corresponding G-
homopolymers. The preparation, in addition to long (more
than thousand bases) C-homopolymers, contains much shorter
(tens of bases) poly(dG) and poly(dC) fragments. These
fragments were eluted as a small peak from the size-exclusion
column in total volume (see Figure 2, dashed curve). The
HPLC and the electrophoretic analysis led us to suggest
thatcommercialpreparationsofpoly(dG)–poly(dC)composed
of long C-homopolymers and shorter G-fragments are not
covalently connected one to another. Overhangs at the ends
of poly(dG)–poly(dC) can thus exist as a result of improper
matching of the G- and C-homopolymers. Formation of
high-molecular weight aggregates in solution of the comm-
ercial polymer (see Figure 1, lanes 2 and 3) might
be the result of overhangs-assisted interaction between the
DNA molecules.
A method of poly(dG)–poly(dC) synthesis described here
yields uniform polymers, which lack the above disadvantages.
The synthesized polymer moves as a single band on electro-
phoresis (see Figure 1, lane 4), comprises equal amounts of dG
and dC nucleotides (see Figure 4 and Table 1), and is comp-
osed of dG- and dC-homopolymers having equal lengths (see
Figure 2, solid curve). The polymer is efﬁciently digested by
DNase, and is stained with ethidium bromide. The polymer, in
contrastto thatobtained from Sigma, canthus beconsidered as
a double-stranded poly(dG)–poly(dC) comprising two cons-
ecutive G- and C-homopolymer strands of equal length. The
method enables the production of poly(dG)–poly(dC) of well-
deﬁned length and narrow size distribution of the molecules;
polymers varying in size from tens to ten thousand base pairs
can be manufactured.
We have shown that covalent modiﬁcation of the 50 ends
with thiol-groups has no effect on the ability of (dC)12–(dG)12
to prime the synthesis (see Table 2). Thiols and disulﬁdes are
known to interact speciﬁcally with gold (27,28). Introduction
of SH-groups at the ends of DNA was used to anchor the DNA
fragments to ﬂat gold surfaces (29). When thiol groups have
been introduced at the 50 ends of (dG)12–(dC)12 by appropriate
modiﬁcation, poly(dG)–poly(dC) resulting from the oligonuc-
leotide extension was easily absorbed on gold surfaces, as
evident from a data of atomic force microscopy (data not
shown). The ability to introduce SH-groups into the 50 ends
provides a tool for the selective attachment of long poly(dG)–
poly(dC) polymers to gold surfaces and gold nanoelectrodes.
This property is especially useful for application of
the polymer in nanoelectronics.
It has been earlier proposed (18,30,31) that the synthesis
of simple repeating sequences proceeds via slippage of the
strands composing template-primers. Direct demonstration of
strands, which slide during polymerization has, to the best of
our knowledge, never been reported so far. Ability to attach
ﬂuorescent dyes to the 50 ends of (dG)12–(dC)12 enabled us to
directly monitor the strands sliding during template-primer
extension by polymerase by using FRET. Growth of
poly(dG)–poly(dC) was followed in time by a look at the
emission of Flu attached to the growing polymer. We have
clearly demonstrated (see Figures 5 and 6) that the distance
between 50 ends of double-labeled Flu-(dG)12–(dC)12-
TAMRA oligonucleotide (ﬂuorescence of Flu) increases duri-
ng the synthesis. The above results suggest that the labeled 50
ends of template-primer move in opposite directions during
the extension process, leading to the formation of complete
double-stranded poly(dG)–poly(dC) with Flu and TAMRA on
its 50 ends.
A molecular mechanism of strands slippage during the syn-
thesis is not well established. To explain slippage, two models
can be considered. In one scenario, one of the strands comp-
osing poly(dG)–poly(dC) slides on the other, providing temp-
late regions on both the 30 ends of the polymer which, when
ﬁlled in by the polymerase, increased the strand’s length.
A number of successive slippage and replication cycles then
leads to a long double-stranded polymer. Sliding of the strand
should thus involve complete breakage and reformation of all
G–C base pairs of the entire polymer. The activation energy of
the process ofthis reaction isproportional to anumber ofbases
composing poly(dG)–poly(dC) and, if the proceedings are in
accordance with the above scenario, the rate of the polymer
growth should drop exponentially with a number of bases
composing the polymer. Our experiments, however, show that
the rate of the synthesis is largely independent of the length
of the DNA fragments being synthesized (see Figure 3). In the
second scenario, the enzyme binds to the 30 end of DNA, shifts
the end-nucleotide on the 30 end of the polymer in 50-direction
and generates a short, single-stranded template and a loop
de novo. Formation of a loop is driven by the interaction of
DNA with polymerase and is associated with the melting and
rearrangement of hydrogen bonds at the end of poly(dG)–
poly(dC). Loop migration through the DNA results in the
formation of a template region on its opposite end; ﬁlling
the template by polymerase ﬁnalizes a single extension
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end of the primer strand with a complimentary nucleotide in
the sequence oftemplatestrand inaccord with the base-pairing
rules. In the case of poly(dG)–poly(dC), a nucleotide to which
the 30 end one is paired, is located next to the 50 end one in the
sequence. We have shown that an elementary step of
poly(dG)–poly(dC) extension includes the addition of one
base to each strand of the polymer, thus, proving the above
suggestion. If proper pairing of the 30 end nucleotide is not
present, the synthesis does not take place. We showed that, if
the 30 end nucleotides in poly(dG) and poly(dC) strands were
substituted for A one, the polymer did not grow (see Table 2).
Introduction of T-nucleotide into the complementary strand
to allow pairing with the A-nucleotide resulted in restora-
tion of the synthesis. Analysis of the products of
50-CCCCCCCCCCCCA-30–50-GGGGTGGGGGGGA-30 rep-
lication by Klenow exo
  in the presence of dGTP and dCTP
showed, that four C-nucleotides were added to the 50-
CCCCCCCCCCCCA-30-strand; 50-GGGGTGGGGGGGA-
30-strand was not expanded. These data can be explained
(see Figure 9) by the assumption that the enzyme binds the
oligonucleotide and shifts the A-base at the 30 end of 50-CCC-
CCCCCCCCCA-30 until it is paired with the T-nucleotide of
the 50-GGGGTGGGGGGGA-30-template strand. A single-
stranded template and a loop de novo are then formed. The
template is subsequently ﬁlled by polymerase to complete
the extension cycle. An overall rate of strand extension is
controlled by the rate of template-primer formation. Once
formed, a template is rapidly ﬁlled by polymerase before
the enzyme–DNA complex dissociates. This conclusion is
supported by the following experimental observations: (i) no
intermediate products were observed with a number of
nucleotides added to 50-CCCCCCCCCCCCA-30, which is
less than that separating the T-nucleotide from the 50 end of
the complementary strand; and (ii) the rate of 50-CCCCCCCC-
CCCCA-30 extension decreases with an increase in the
distance separating the T-nucleotide from the 50 end of the
template. The oligonucleotide dissociates from the complex
with the enzyme after the template has been ﬁlled and a loop
relaxes into a structure with an overhang at the 50 end. The
overhang cannot be used as a template for Klenow exo
 . The
later is due to the absence of T-nucleotide in the sequence of
template with which A-nucleotide at the 30 end of the primer
could be paired; proper pairing of the 30 end of the primer
strand seems to be strictly required for initiation of the syn-
thesis. The rate of extension depends on the number of bases
that composes the proposed loop. We have shown that the rate
of extension is relatively high for a number of bases between
one and three. Only a slight decrease in the extension rate with
an increasing number of bases was observed (see Table 3).
A further increase in the number of bases resulted in a sharp
reduction of the extension rate. This is probably due to the
high activation energy of the template formation, which
strongly limits the rate of extension if the number of bases
exceeded three.
The rate of polymer growth is independent of the length
of the fragments being synthesized. We have shown that
poly(dG)–poly(dC) as long as 10 kb, continues to grow at
the rate equal to 50 bp/min. If loop migration through the
DNA takes place while it is elongated, the loop should skip
through 3 mm (length of the extended 10 kb DNA) distance in
seconds. Movement of a loop over long molecular distances
most probably proceeds through a sequence of elementary
transfer steps, each including the movement of a loop one
base pair towards an opposite end of the polymer. This
movement includes the opening of a G–C pair and thus is
determined by base pairs opening dynamics. In general, G–C
base pair lifetimes have been found to be approximately
Figure 9. Model for 50-CCCCCCCCCCCCA-30–50-GGGGTGGGGGGGA-30 extension. The figure depicts the assumed events during the extension of double-
stranded50-CCCCCCCCCCCCA-30–50-GGGGTGGGGGGGA-30 oligonucleotide.Polymerasebindstheoligonucleotide(1)andshiftsA-nucleotideatthe30 endof
50-CCCCCCCCCCCCA-30 untilitispairedwithT.Asingle-strandedtemplate-primerfragmentandaloopdenovoarethenformedasaresultofthe30 endslippage
(2). The primer strand is synthesized complementary to the template sequence; residues incorporated into the primer are marked in red (3). The enzyme–DNA
complexdissociates(4)andalooprelaxesintoastructurewithoverhangatthe50 end(5).TheoverhangcannotbeusedasatemplateforKlenowexo
 duetoinability
to pair A-nucleotide at the 30 end of the primer with either nucleotide in sequence of the template.
534 Nucleic Acids Research, 2005, Vol. 33, No. 2equal to 10–20 ms (32–34); however, in tracts, G–C have
unusually rapid base pair dynamics (35), leading to a much
higher base pair dissociation constant. Fast rate of poly(dG)–
poly(dC) replication can alternatively be explained by the
assumption that multiple loops migrate simultaneously in opp-
osite directions through DNA. Such loops can, in principle, be
structurally accommodated in a DNA helix (36).
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